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I. INTRODUCTION 

The o b j e c t i v e  o f  t h i s  program i s  t o  e v a l u a t e  rechargeable  

hydrogen-oxygen f u e l  cel ls  for  o r b i t a l  a p p l i c a t i o n s .  Such c e l l s  

a r e  proposed a s  energy s torage dev ices  i n  con junc t ion  w i t h  s i l i c o n  

s o l a r  c e l l  conve r t e r s .  The important advantages o f  hydrogen-oxygen 

c e l l s  ove r  e x i s t i n g  energy s torage dev ices  a re  t h a t  they e x h i b i t  

h ighe r  energy t o  weight ratios,  can o p e r a t e  over  h ighe r  o p e r a t i n g  

temperature l i m i t s ,  c o n t a i n  a s ta te  of charge i n d i c a t o r ,  and have 

p o t e n t i a l l y  longer  c y c l e  l i f e .  The p a r t i c u l a r  des ign  concept employed 

on t h i s  program u t i l i z e s  isothermal  o p e r a t i o n  w i t h  no moving p a r t s  , 
and t h e r e f o r e  p l a c e s  no a d d i t i o n a l  h e a t i n g  load on a v e h i c l e ' s  coo l ing  

system. 

The i n i t i a l  phase of t h i s  program was concerned w i t h  a n  a n a l y t i c a l  

de t e rmina t ion  of the performance of a complete power system which 

contained a f u e l  c e l l  a s  the energy s t o r a g e  dev ice .  The o v e r a l l ,  a s  

w e l l  a s  component weights  of t h i s  system, were determined a s  f u n c t i o n s  

o f  the o r b i t a l  a l t i t u d e  and power l e v e l .  

The second phase of t h i s  program was t o  d e s i g n  and f a b r i c a t e  a 

7 5  wa t t  (nominal) f u e l  c e l l  having f e a t u r e s  s u i t a b l e  f o r  l a t e r  s c a l e  

up. The f i n a l  phase of t h e  p rogramcons i s t s  o f  t e s t i n g  and e v a l u a t i n g  

the 7 5  wa t t  b a t t e r y  i n  o rde r  t o  determine i t s  o p e r a t i o n a l  c h a r a c t e r i s t i c s .  

4 1 10 -QL -2 1 



2. SUMMARY KTX 
The major accomplishments dur ing  t h e  p a s t  qua r t e r  were concerned 

w i t h  the development o f  the  75 w a t t  model and a s s o c i a t e d  c o n t r o l  

appa ra tus  t o  s imula te  o r b i t a l  cyc l ing .  A f t e r  s e v e r a l  mod i f i ca t ions  

of the  i n i t i a l  assembly were made, i t s  des ign  was f i n a l i z e d  and 

f a b r i c a t i o n  of the component p a r t s  was i n i t i a t e d .  Machining of these  

p a r t s  was completed dur ing  the  l a t t e r  p o r t i o n  o f  the  q u a r t e r  a t  which 

t i m e  they were s e n t  o u t  f o r  e l e c t r o l e s s  n i c k e l  p l a t i n g .  The p l a t i n g  

w i l l  be completed i n  the  e a r l y  p o r t i o n  of the t h i r d  q u a r t e r  a t  which 

t i m e  the un i t  w i l l  be assembled and given p re l imina ry  check o u t  t es t s .  

Development of the c o n t r o l  and record ing  a p p a r a t u s  f o r  cont inuous 

cyc l ing  was completed dur ing  the l a t t e r  p o r t i o n  o f  t h e  q u a r t e r .  The 

u n i t  was t e s t ed  and found t o  func t ion  s a t i s f a c t o r i l y .  The u n i t  w i l l  

c o n t r o l  and record the charge-discharge c u r r e n t  and t i m e  f o r  the 

s p e c i f i e d  cyc le  cond i t ions .  The u n i t  w i l l  a l s o  record  the o v e r a l l  

and ind iv idua l  c e l l  vo l t ages  , c e l l  temperatures  , and gas  p re s su res .  

Vol tage-cur ren t  and cyc le  tes ts  were c a r r i e d  o u t  on s imulated 

s i n g l e  c e l l s  o f  t he  f i n a l  assembly, One such c e l l  w i t h  5 .8  inch  

d i ame te r  e l e c t r o d e s  d e l i v e r e d  25.4 amps (148 m.a./cm ) a t  0.74 v o l t s  

w i th  gas pressures  of  100 p s i g  and temperature  n e a r  70 C .  A smaller 

c e l l  w i th  2 1.12 inch diameter  e l e c t r o d e s  was c a r r i e d  through complete 

2 

0 

charge-discharge cyc les  under s i m i l a r  c o n d i t i o n s .  

f o r  the smal le r  c e l l  was 1.5 v o l t s  a t  53 m.a./cm2, and the  d i scha rge  

vol tage  an  average of  0 .8  v o l t s  f o r  the major p o r t i o n  of t h e  d ischarge  
2 per iod  a t  a c u r r e n t  of  104 m.a./cm . These resul ts  i n d i c a t e  t h a t  the  

des ign  goals  of t he  75 w a t t  p ro to type  a re  r e a l i s t i c .  

The charge vo l t age  

4 110 -QL -2 2 
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Heat gene ra t ion  and h e a t  t r a n s f e r  ana lyses  were c a r r i e d  ou t  on 

the prototype model. The r e s u l t s  i n d i c a t e  a h e a t  gene ra t ion  r a t e  of 

about  80 watts f o r  d i scha rge  a t  19 amps ,  and e s s e n t i a l l y  zero watts 

during charge a t  70 C. 

n a t u r a l  convection i s  52 watts and the h e a t  t r a n s f e r  r a t e  by r a d i a t i o n  

i s  i n  t h e  range of 10 t o  60 wa t t s  depending upon the e m i s s i v i t y  of 

t h e  surface.  These r e s u l t s  i n d i c a t e  the n e c e s s i t y  of providing 

i n s u l a t i o n  o r  a n  e x t e r n a l  hea t  source f o r  ambient t e s t i n g  i n  order  

to maintain a temperature of 70 C .  

0 The estimated h e a t  t r a n s f e r  r a t e  by e x t e r n a l  

0 

Corrosion tests were ca r r i ed  out  on samples of n i c k e l  p l a t e d  

magnesium and aluminum. The resu l t s  i n d i c a t e  the s u i t a b i l i t y  of a 

3 m i l  l a y e r  of e l e c t r o l e s s  n i c k e l  i n  regard t o  p r o t e c t i o n  of t he  

m t a l  s u b s t r a t e  a g a i n s t  a t t a c k  by the  KOH e l e c t r o l y t e  and oxygen 

w i t h i n  t h e  ce l l .  
J T H U P  

4 110 -QL-2 3 



3. TECHNICAL DISCUSSION 

Th i s  s ec t ion  o u t l i n e s  the  p rogres s  made i n  the  development o f  

t he  s i x  ce l l  pro to type  w i t h  a s s o c i a t e d  c o n t r o l  equipment,  and a l s o  

r e v i e w s  the r e s u l t s  of  suppor t ing  developmental  s t u d i e s .  

3.1 Prototype Development 

The developmental  s t a t u s  of the  pro to type  and c o n t r o l  

equipment a r e  descr ibed  below. 

3 .1 .1  Fuel C e l l  Assembly 

The f i r s t  des ign  o f  the p ro to type  was completed i n  

November, 1963, and was reviewed a t  t h a t  t i m e  w i th  the  t e c h n i c a l  

monitor.  Minor mod i f i ca t ions  were subsequent ly  made (see below) 

and the  design was f i n a l i z e d .  F a b r i c a t i o n  o f  the  component p a r t s  was 

completed in  the f i r s t  week of January ,  1964, a t  which: t i m e  they  

were inspected and then s e n t  o u t  f o r  n i c k e l  p l a t i n g .  The n i c k e l  

p l a t i n g  i s  requi red  t o  prevent  chemical and electrochemica 1 a t t a c k  

of  t he  m a t e r i a l s  of c o n s t r u c t i o n ,  i . e . ,  magnesium and aluminum, by 

the s t rong  b a s i c  e l e c t r o l y t e  (35% potassium hydroxide s o l u t i o n ) .  

coa t ing  of  3 m i l s  of  n i c k e l  w i l l  be a p p l i e d  by the  Kanigen e l e c t r o l e s s  

n i c k e l  process .  The p a r t s  w i l l  be ready f o r  assembly i n  mid January ,  

1964. 

A 

The modi f ica t ions  of  the  f i r s t  des ign  (see Fig.  1) were made i n  

o rde r  t o  improve r e l i a b i l i t y ,  and t o  s i m p l i f y  f a b r i c a t i o n .  The f i r s t  

such modi f ica t ion  cons i s t ed  of  a s l i g h t  i n c r e a s e  i n  the  d iameter  o f  

t h e  c e l l  s epa ra to r s  i n  o r d e r  t o  provide more s e a l i n g  a r e a  f o r  t he  

t e f l o n  gaske ts .  A second mod i f i ca t ion  cons i s t ed  of i n c r e a s i n g  the  

th i ckness  of the s e p a r a t o r s  i n  order  t o  s i m p l i f y  the  machining of  

the i n l e t  r a d i a l  h o l e s  which se rve  a s  gas  p o r t s .  A t h i rd '  and f i n a l  

4 1 10 -QL - 2 4 
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modi f i ca t ion  cons i s t ed  of the e l i m i n a t i o n  of t he  c o n c e n t r i c  grooves 

on the su r faces  of the s e p a r a t o r s  which se rve  t o  d i s t r i b u t e  the i n l e t  

gases  t o  the e l e c t r o d e s .  I n  place of the grooves,  i t  was decided to  

employ f i n e  mesh n i c k e l  s c reens  t o  a i d  i n  the gas d i s t r i b u t i o n .  The 

reason f o r  the l a t t e r  change was to s i m p l i f y  the  machining ope ra t ion .  

Resul t ing dimensional changes of a l l  o t h e r  p a r t s  were a l s o  made to  

compensate f o r  the above mod i f i ca t ions .  Photographs of the c e l l  and 

i t s  components a r e  shown on Figures  2 through 4.  
Although the above changes w i l l  s l i g h t l y  i n c r e a s e  t h e  s i z e  and 

weight of the assembly, they w i l l  n o t  a p p r e c i a b l y  a f f e c t  the o v e r a l l  

configurat ion o r  a n t i c i p a t e d  performance. The u n i t  w i l l  c o n t a i n  s i x  

series connected c e l l s .  The e l e c t r o d e  diameter o f  the c e l l s  a r e  

6 i nches .  Gas con ta ine r s  having a volume r a t i o  of 2 / 1  r e s p e c t i v e l y  

f o r  hydrogen and oxygen a r e  i n t e g r a l ,  and a r e  of such s i z e  t h a t  the 

maximum gas p re s su re  w i l l  be ;= 400 p s i g  a t  the f u l l  s t a t e  of charge.  

I t  i s  a n t i c i p a t e d  t h a t  the nominal 75 w a t t  ou tpu t  w i l l  be achieved 

a t  vo l t ages  approaching 5 v o l t s .  The u n i t  w i l l ,  however, be c a r r i e d  

through the previously planned c y c l e  cond i t ions  c o n s i s t i n g  o f  a charge 

a t  9 .6  amps f o r  76 minutes and d i scha rge  a t  19 amps f o r  37.5 minutes.  

Instrumentat ion of t he  u n i t  w i l l  i nc lude  measurement of i n d i v i d u a l  

c e l l  vol tage and temperature,  o v e r a l l  b a t t e r y  vo l t age  and c u r r e n t  a s  

w e l l  a s  gas p re s su re  and s u r f a c e  temperature.  

P repa ra t ion  of the r equ i r ed  number o f  e l e c t r o d e s ,  n i c k e l  s c r e e n s ,  

and e l e c t r o l y t e  beds has  been completed, and these  p a r t s  a re  ready f o r  

assembly. The hydrogen e l e c t r o d e s  c o n t a i n  a mixture of 5 mg/cm2 o f  

platinum and 5 m g .  p a l l a d i u d c m  , and the oxygen e l e c t r o d e s  c o n t a i n  
2 10 mg p l a t i n u d c m  . The e l e c t r o l y t e  beds w i l l  have an  e l e c t r o l y t e  

con ten t  of  0.7 grns of 35 pe rcen t  KOH s o l u t i o n  p e r  gram of d r y  a s b e s t o s .  

2 

3.1.2 Con t ro l  Apparatus 

Development of the c o n t r o l  appa ra tus  f o r  continuous 

c y c l i n g  was completed during t h i s  r e p o r t  p e r i o d .  A schematic diagram 

of the apparatus  i s  given i n  f i g u r e  5. The u n i t  can be connected t o  

411O-QL-2 6 
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FIG. 3 FUEL CELL ASSEMBLY PA 
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FIG. 4 ELECTRODE AND SEPARATOR OF ASSEMBLY 
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any convent ional  power supply and m u l t i p o i n t  r e c o r d e r  and w i l l  

au tomat i ca l ly  cyc le  and record the performance of t he  assembly f o r  any 

given set of charge-discharge cond i t ions .  

A tandem recyc le  t imer  i s  employed t o  switch from charge t o  

c ' ischarge and back a t  t h e  appropr i a t e  t i m e s .  The charge c u r r e n t  i s  s e t  

on the power supply,and the  discharge c u r r e n t  i s  se t  by a r h e o s t a t  

w i t h i n  the u n i t .  A vol tmeter  and ammeter on the u n i t  show the o v e r a l l  

assembly vo l t age  and c u r r e n t .  Numerous connectors  w i t h i n  the  u n i t  a r e  

employed t o  t r ansmi t  t he  ind iv idua l  c e l l  v o l t a g e s  and temperatures  

to  the channels of the mul t ipo in t  r eco rde r .  A photograph o f  the power 

supply,  c o n t r o l l e r  and recorder  a re  shown on Figure 6 .  

3.2 Supporting Developmental A c t i v i t i e s  

This  s e c t i o n  p resen t s  t he  r e s u l t s  o f  i n v e s t i g a t i o n s  c a r r i e d  

o u t  i n  support  of the f u e l  c e l l  development. 

3.2.1 S ing le  C e l l  Studies  

S ing le  c e l l  t e s t s  w e r e  c a r r i e d  o u t  i n  o r d e r  to  

confirm the o r i g i n a l  design eseimtes on the performance of the f i n a l  

assembly. The components of the single c e l l s  ezplcyed i n  these t es t s  

were i d e n t i c a l  t o  those which w i l l  be employed i n  the f i n a l  assembly, 

and the tes t  condi t ions simulated t o  those which the f i n a l  assembly 

w i l l  be sub jec t ed .  The only d i f f e r e n c e  i n  the test cond i t ions  f o r  

t he  s i n g l e  c e l l  and f i n a l  assembly was i n  the manner of s t o r i n g  and 

app ly ing  the gases.  For the s i n g l e  c e l l  tes ts  the gases  were s t o r e d  

i n  e x t e r n a l l y  loca t ed  c y l i n d e r s  whereas i n  the f i n a l  assembly the 

gases  w i l l  be s t o r e d  i n  con ta ine r s  which form a n  i n t e g r a l  p a r t  of 

the assembly. The p res su re  balance a c r o s s  the  c e l l  was maintained 

manually w i t h  the a i d  o f  a d i f f e r e n t i a l  p re s su re  gage i n  the s i n g l e  

c e l l  tests,  whereas a f l e x i b l e  diaphragm w i l l  be employed t o  maintain 

the p re s su re  balance i n  the f i n a l  assembly. 

The r e s u l t s  of t hese  tes ts  a r e  given i n  F igu res  7 and 

8 .  Figure 7 p r e s e n t s  the vo l t age -cu r ren t  c h a r a c t e r i s t i c s  of  two 

4 110 -QL-2 11 



FIG. 6 INSTRUMENT CONTROL AND RECORDING APPARATUS 
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s i n g l e  c e l l s ,  one w i t h  l a r g e ,  5.8 inch  diameter ,  and one w i t h  small  2 1 / 2  

i nch  d iameter  e l e c t r o d e s .  The r e su l t s  i n d i c a t e  i d e n t i c a l  vo l tage-  

c u r r e n t  d e n s i t y  c h a r a c t e r i s t i c s ,  and thereby  i n d i c a t e  t h a t  t he re  a r e  

no  power l o s s e s  a s s o c i a t e d  with s c a l i n g  t o  e l e c t r o d e  d iameters  o f  

n e a r l y  6 i nches ,  the s i z e  t o  be employed i n  the f i n a l  assembly. The 

r e s u l t s  a l s o  show t h a t  the a n t i c i p a t e d  c u r r e n t  ou tpu t  of s l i g h t l y  

o v e r  100 m.a./cm2 can be obtained a t  a vo l t age  o f  

l a r g e  d iameter  e l e c t r o d e s .  This l a t t e r  r e s u l t  demonstrated t h a t  the 

power o u t p u t  of the f i n a l  assembly should m e e t  t he  requirements  of 

7 5  w a t t s  a t  a vo l tage  of = 5 vo l t s .  

0.8 v o l t s  with the 

The power ou tpu t  of the c e l l  wi th  5.8 inch  d iameter  e l e c t r o d e s  

i s  given a s  a func t ion  of  cu r ren t  i n  Figure 8. The maximum power ou tpu t  

i s  found t o  be 27 w a t t s  a t  a cu r ren t  of 52 amps. TIE maximum power 

ou tpu t  of  t he  f i n a l  s i x  c e l l  assembly should t h e r e f o r e  be approximately 

162 wa t t s .  For the  des i r ed  cu r ren t  ou tput  of M 19 amps, the  power 

ou tpu t  i s  approximately 14 wat t s  per  c e l l  and the  ou tpu t  of  the  f i n a l  

assembly should the re fo re  be = 84 wa t t s .  

assembly should be 4.4 v o l t s  for  the l a t t e r  condi t iox . )  

(The te rmina l  vo l t age  of  the 

The r e su l t s  of a complete cyc le  t e s t  on one of  the  

sma l l e r  s i n g l e  c e l l s  i s  given i n  F igure  9 .  

f o r  t h i s  run i s  approximately the same a s  t h a t  dep th  t o  which the 

f i n a l  assembly w i l l  be subjec ted .  
2 

c o n s t a n t  charge vo l t age  near  1.5 v o l t s  a t  a charge c u r r e n t  of  53 m.a./cm , 
and a r e l a t i v e l y  cons t an t  discharge vo l t age  nea r  0.8 v o l t s  a t  a d i scharge  

c u r r e n t  o f  104 m.a./cm . 
the d ischarge  per iod i s  a t t r i b u t e d  t o  a s h o r t  term pres su re  imbalance 

caused by inadequate  c o n t r o l  of the  manually opera ted  p res su re  regula  t o r s .  

Dis regard ing  the  above pressure  e f f e c t ,  i t  may be s a i d  t h a t  the  c e l l  

e x h i b i t s  f a i r  vo l tage  s t a b i l i t y  throughout t he  complete charge-discharge 

c y c l e .  

The ''depth" of the cyc le  

The r e s u l t s  i n d i c a t e  a r e l a t i v e l y  

2 
The small drop i n  vo l t age  a t  t he  beginning of  
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3.2.2 Heat Balance S tud ie s  

Heat gene ra t ion  and h e a t  t r a n s f e r  a n a l y s e s  were 

performed i n  o r d e r  t o  determine the n e c e s s i t y  of e i t h e r  supplying 

e x t e r n a l  h e a t i n g  o r  coo l ing  to  the assembly f o r  t e s t i n g  w i t h i n  the 

l abora to ry  ( e a r t h  environment r a t h e r  than space environment) . The 

r e su l t s  of t h e s e  ana lyses  are presented below. 

3.2.2.1 Hea t Genera t i o n  

Heat gene ra t ion  w i t h i n  the f u e l  c e l l  i s  

a t t r i b u t e d  t o  two causes;  the f i r s t  i s  c e l l  p o l a r i z a t i o n ,  and t h e  

second i s  the en t ropy  change f o r  the hydrogen-oxygen r e a c t i o n .  During 

d i scha rge ,  t he  h e a t  gene ra t ion  rate f o r  a s i n g l e  c e l l  i s  given by the 

fol lowing r e l a t i o n s h i p :  

Q = A V * I  + T * S - I . k  

where 

Q = h e a t  gene ra t ion  (watts) 

AV = p o l a r i z a t i o n  loss  ( v o l t s ) ,  equa l  t o  t h e  d i f f e r e n c e  
between the t h e o r e t i c a l  open c i r c u i t  vo l t age  
1.23 v o l t s ,  and the  o p e r a t i n g  c e l l  v o l t a g e ,  i . e . ,  
0.7 t o  1.0 v o l t s .  

I = c e l l  c u r r e n t  (amps) 

T =: temperature ( K) 

ca l/mo 1/ OK 

0 

= en t ropy  change f o r  t h e  hydrogen-oxygen r e a c t i o n ,  

k = conversion f a c t o r  t o  expres s  t h e  second term in 
the  r i g h t  hand s i d e  of the equa t ion  i n  terms of 
w a t t s .  The c o n s t a n t  i s  the product  o f  two o t h e r  
conversion f a c t o r s  which c o n s i s t  of t h e  following: 

mols H20 wa t t - h r s  k =  X 
ca 1 amp-hr 

k = (1.163 x x (.0189) = 2.2 x 
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Based on a s i n g l e  c e l l  performance d a t a ,  the fol lowing va lues  may be 

s u b s t i t u t e d  i n  the above equa t ion  t o  o b t a i n  the h e a t  gene ra t ion  pe r  

c e l l  during d i scha rge  a t  19  amps and charge a t  9.6 amps. 

AV = 0 . 4 3  v o l t s  d i scha rge ,  0 .31  v o l t s  charge 

I = 19 amps d i scha rge ,  9 .6  amps charge 

T = 7OoC = 343'K 

n~ = 39 cal/mol°C 

k = 2 . 2  x 10 -5 

The h e a t  generat ion is  thus found t o  be 13.8 w a t t s  f o r  d i s c h a r g e  and 

0 watts f o r  charge f o r  a s i n g l e  ce l l .  For the s i x  c e l l  assembly the 

r a t e s  w i l l  be s i x  t i m e s  the u n i t  c e l l  r a t e  and correspond t o  va lues  of 

82.8 w a t t s  f o r  discharge and a g a i n  0 w a t t s  f o r  charge.  

The r a t e  of h e a t  g e n e r a t i o n  i n  the s i x  c e l l  

assembly has been c a l c u l a t e d  f o r  o t h e r  c u r r e n t  l oads ,  and the r e s u l t s  

a r e  given i n  Figure 10. I n s p e c t i o n  o f  t h i s  f i g u r e  i n d i c a t e s  t h a t  t he  

h e a t  generat ion du r ing  d i scha rge  i s  always p o s i t i v e  and v a r i e s  i n  a 

n e a r  l i n e a r  manner with c u r r e n t .  For d i scha rge ,  however, i t  i s  noted 

t h a t  t he  h e a t  gene ra t ion  i s  s l i g h t l y  nega t ive  a t  l o w  c u r r e n t s  and 

becomes p o s i t i v e  a t  h i g h e r  c u r r e n t s .  A t  low charge c u r r e n t s ,  then i t  

may be said t h a t  the assembly w i l l  abso rb  h e a t  from the surroundings.  

3.2.2.2 Heat Trans fe r  

For ambient tes t  c o n d i t i o n s ,  h e a t  may be 

t r a n s f e r r e d  from the assembly by both convect ion and r a d i a t i o n .  The 

r a t e s  of h e a t  t r a n s f e r  by these mechanisms are given by the fol lowing 

equa t ions  : 

.25 

8 
1 

1 
8 

e 

I 
I 
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where: 
- 

Qc - 
h =  

A =  

A t  = 

D =  

QR - 
o =  

E "  

T =  

T =  a 

- 

C 

h e a t  t r a n s f e r  by n a t u r a l  convec t ion ,  BTU/hr 

c o e f f i c i e n t  of h e a t  t r a n s f e r ,  BTU/hr/ft2/OF 

e x t e r n a l  su r f ace  a r e a  of assembly 

temperature d i f f e r e n c e  between assembly and ambient ,  F 

diameter of assembly, i nches  

h e a t  t r a n s f e r  by r a d i a t i o n ,  BTU/hr. 

c o n s t a n t ,  0.171 

e m i  ss i v i  t y  

temperature of assembly, F 

ambient temperature ,  F 

0 

0 
0 

0 

The values  o f  the h e a t  t r a n s f e r  r a t e s  by convection and r a d i a t i o n  may 

be ca l cu la t ed  on the b a s i s  of  a n  assumed ambient temperature o f  25 C 

(76OF) and f u e l  c e l l  assembly temperature of 7OoC (157OF). 

0 

A t  = (157-76) = 81°F 

D = 8 inches 
.25 

.'. h = 0 . 5 p )  = 0.885 

* .  Qc = 0.885 x 2.47 x 76 = 177 BTU/hr = 52 wat ts  

The e m i s s i v i t y  can ,  of cour se ,  be va r i ed  by a p p l i c a t i o n  of v a r i o u s  

types of coa t ings  t o  the s u r f a c e  o f  the assembly. The va lue  of  the 

e m i s s i v i t y  f o r  a n  unpolished n i c k e l  p l a t e d  s u r f a c e  (which w i l l  be the 

case  i f  no a d d i t i o n a l  c o a t i n g s  a r e  a p p l i e d  t o  the assembly) i s  given 

a s  0.11. The r a t e  of h e a t  t r a n s f e r  by r a d i a t i o n  i s  thus found t o  be: 

Q, = 0.171 x 2.46 x 0.11 I(%$ - (4 
L BTU Q, = 24.5 hr = 7 watts. 

I f  the assembly i s  coated wi th  a s u i t a b l e  black p a i n t  w i t h  e m i s s i v i t y  

of 0 . 9 ,  the rate of h e a t  t r a n s f e r  by r a d i a t i o n  i s  found t o  b e  194'BTU/hr 

o r  65 wat ts .  
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The t o t a l  hea t  t r a n s f e r  from t h e  asembly "QT1' i s  

equa l  t o  the sum o f  t he  t r a n s f e r  rates by convection Q and r a d i a t i o n  

Q,. 
of QT i s  found t o  be 59 w a t t s  f o r  8 = 0.11 and 127 w a t t s  f o r  € 

C 

For the assumed c e l l  and ambient temperatures  above, the va lue  

0 . 9 .  

C a l c u l a t i o n s  have a l s o  been c a r r i e d  o u t  f o r  t h e  t o t a l  

heat t r a n s f e r  rate a t  va r ious  assumed c e l l  temperatures.  The r e s u l t s  

of these c a l c u l a t i o n s  are given i n  f i g u r e  11 f o r  the two assumed 

e m i s s i v i t i e s  above,and f o r  a fixed ambient temperature of 76 F. I f  

the cyc le  t i m e s  were long enough, the r e su l t s  of t h i s  graph could be 

used t o  e s t i m a t e  the s t eady  s t a t e  temperature o f  the f u e l  c e l l  a s  a 

f u n c t i o n  of load.  For example, a t  a d i scha rge  c u r r e n t  of 10 amps, the 

h e a t  gene ra t ion  rate i s  found to be 40 w a t t s  (see f i g u r e  10). For an 

e m i s s i v i t y  value of 0.11 t h e  r e s u l t s  i n  f i g u r e  11 i n d i c a t e  t h a t  the 

s t eady  s ta te  temperature corresponding t o  a h e a t  d i s s i p a t i o n  ra te  of 

40 wat t s  i s  133'F. 

0 

3.2.2.3 Thermal Capaci ty  

The h e 1  c e l l  assembly c o n t a i n s  a q u a n t i t y  

of s t e a r i c  a c i d  which se rves  as a thermal s t o r a g e  material. The 

f u n c t i o n  o f  t h e  thermal s torage medium i s  to  provide f o r  i so the rma l  

c e l l  o p e r a t i o n  du r ing  c y c l i n g  i n  a space environment. The s t e a r i c  

a c i d  would absorb t h a t  f r a c t i o n  of the t o t a l  h e a t  which i s  n o t  

d i s s i p a t e d  by r a d i a t i o n  during d i scha rge ,  and would supply t h a t  h e a t  

t o  the  c e l l  t o  balance the r a d i a t i o n  l o s s e s  d u r i n g  charge.  

The amount o f  s t e a r i c  a c i d  i s  approximately 
3 3 30 inches , and i t s  d e n s i t y  i s  0.80 gms/cm . 

.acid i s  t h e r e f o r e  393 p s .  The h e a t  of f u s i o n  of t h i s  material i s  

47.6 cal/gm and the t o t a l  thermal c a p a c i t y  i s  18,400 c a l  o r  the 

e q u i v a l e n t  of 21.4 wat t -hrs  of e l e c t r i c a l  energy. 

The weight o f  s t e a r i c  

3.2.2.4 Heat Balance 

The r e s u l t s  of the t h r e e  preceeding s e c t i o n s  

may now be employed t o  e s t ima te  the n e t  h e a t  t r a n s f e r  from the  f u e l  

c e l l  f o r  t he  case of cyc l ing  a t  ambient c o n d i t i o n s .  L e t  us assume 

411O-QL-2 2 1  
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e t h a t  the assembly i s  i n i t i a l l y  a t  7OoC, i s  un insu la t ed ,  t h a t  the 

s tear ic  a c i d  i s  i n  the frozen ( s o l i d )  s t a t e ,  and f i n a l l y  t h a t  the 

cel l  i s  f u l l y  charged. 

under these  cond i t ions  may be determined a s  follows: 

The n e t  h e a t  t r a n s f e r  f o r  a c y c l e  beginning 

A. 
B. 

C .  

D .  

E. 

F. 

G.  

H. 

I. 

J. 

K. 

L. 

M. 

N. 

0 .  

411O-QL-2 

Tota l  cycle t i m e  

Discharge t i m e  

Charge t i m e  

Rate of h e a t  genera t i o n  
du r ing  discharge 

Rate o f  heat  gene ra t ion  
du r ing  charge 

To ta 1 heat genera ted 
du r ing  discharge 

Heat absorbed by s tear ic  
a c i d  during d i scha rge  

Heat t o  be r e j e c t e d  
du r ing  discharge 

To t a l  hea t  genera ted 
during charge 

Rate of hea t  t r a n s f e r  
by convection 

Heat t r a n s f e r  by 
convection du r ing  
d i scha rge  

Heat t r a n s f e r  by 
convection du r ing  
charge 

Rate o f  hea t  t r a n s f e r  
by r a d i a t i o n  

Heat t r a n s f e r  by 
r a d i a t i o n  du r ing  
d i scha rge  

H e a t  t r a n s f e r  by 
r a d i a t i o n  du r ing  charge 

23 

= 1.890 h r s .  

= 0 . 6 2 5  h r s .  

= 1.265 h r s .  

= 8 2 . 8  w a t t s  

= 0 watts 

= 51.7 w-h 

= 21.4 w-h 

= 30 .3  w-h 

= 0 w-h 

= 52 w a t t s  

= 32.4 w-h 

65 .8  w-h 

= 7 w a t t s  ( E  = 0.11) 

57 w a t t s  ( E  = 0 . 9 )  

= 4 . 4  w-h ( E  = 0.11) 

35 .6  w-h ( E  = 0.9) 

= 8 .9  w-h ( E  = 0.11) 

7 2 . 0  w-h (E = 0.9) 



P. 

Q. 

R .  

S. 

T. 

Heat suppl ied by s tear ic  
a c i d  du r ing  charge 

T o t a l  h e a t  r e j e c t i o n  
du r ing  d i scha rge  

T o t a l  h e a t  r e j e c t i o n  
during charge 

N e t  h e a t  l o s t  during 
d i scha rge  

Net h e a t  l o s t  du r ing  
charge 

These r e s u l t s  i n d i c a t e  a n e t  

= 21.4 w-h 

= 36 .8  w-h ( e  = 0.11) 

68 .0  w-h (F: = 0.9) 

=s 74.7 w-h 

137.8 w-h 

= 6 .5  w-h ( 8  = 0.11) 

37.7 w-h ( E  = 0.9) 

= 5 3 . 3  w-h ( 6  = 0.11) 

116.4 w-h ( 8  = 0.9) 

l o s s  of h e a t  from the 

assembly during both d i scha rge  and charge.  

a t  70  C under ambient t e s t  c o n d i t i o n s ,  i t  w i l l  t h e r e f o r e  be necessa ry  

to  supply a d d i t i o n a l  h e a t  t o  the  assembly o r  t o  provide e x t r a  i n s u l a t i o n .  

I t  i s  a n t i c i p a t e d  t h a t  the hea t ing  tapes  t h a t  w i l l  be used t o  i n i t i a l l y  

h e a t  the c e l l  to 70 C w i l l  provide the r equ i r ed  e x t r a  i n s u l a t i o n  needed. 

For i so the rma l  o p e r a t i o n  
0 

0 

3.2.3 M a t e r i a l s  Tes t ing  

Based on previous experimental  r e s u l t s ,  t h e  most 

c r i t i c a l  m a t e r i a l s  problem a s s o c i a t e d  wi th  t h i s  device i s  the  o x i d a t i o n  

of components which a r e  i n  c o n t a c t  w i th  oxygen, the e l e c t r o l y t e  and the 

e l e c t r o d e s .  In t h i s  assembly, the m e t a l l i c  p a r t s  a r e  made of magnesium 

and aluminum which a r e  m a t e r i a l s  that can and would r e a c t  e i t h e r  

chemically o r  e l ec t rochemica l ly  wi th  the e l e c t r o l y t e  and oxygen i f  n o t  

p ro tec t ed  by an i n e r t  coa t ing .  

w i th  a 3 m i l  

these cond i t ions .  An a d d i t i o n a l  problem then i s  to i n s u r e  t h a t  t he  

n i c k e l  p l a t e  i s  continuous throughout a l l  s u r f a c e s ,  and of s u f f i c i e n t  

t h i ckness  t o  adequately p r o t e c t  the magnesium and aluminum from the 

e l e c t r o l y t e .  

Therefore ,  these p a r t s  w i l l  be p l a t e d  

l a y e r  of n i c k e l ,  a metal which i s  chemically i n e r t  under 
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Severa l  s e r i e s  of co r ros ion  tests were c a r r i e d  o u t  

i n  o r d e r  t o  test  the s t a b i l i t y  of the materials which a re  t o  be 

employed i n  the f i n a l  assembly. The f i r s t  such tes t  c o n s i s t e d  of 

immersing a sample of n i c k e l  plated magnesium i n  a s o l u t i o n  of 

35 p e r c e n t  KOH s o l u t i o n  a t  70 C f o r  a per iod of 7 days. The sample 

contained a c o a t i n g  of 3 m i l s  of e l e c t r o l e s s  p l a t e d  n i c k e l .  

i n i t i a l  weight and th i ckness  of t he  sample were 24.1001 gms. and 0.0466 

0 

The 

inches r e s p e c t i v e l y ,  and i t s  su r faces  were smooth and shiny.  The 

f i n a l  weight and th i ckness  were 24.1009 gms. and 0.0468 i n c h e s  

r e s p e c t i v e l y .  The s u r f a c e s  were s t i l l  smooth, b u t  e x h i b i t e d  a s l i g h t l y  

t a rn i shed  appearance.  There were no s i g n s  of p e n e t r a t i o n  of the n i c k e l  

l a y e r .  

Another sanple o f  n i c k e l  p l a t e d  magnesium was sub jec t ed  

t o  a n  e l e c t r o l y s i s  test us ing  cond i t ions  similar t o  t h e  above. 

I n  t h i s  case, t h e  p a r t  was employed a s  t he  back up p l a t e  f o r  a p o s i t i v e  

e l e c t r o d e  i n  a s i n g l e  c e l l  assembly. The ce l l  was charged f o r  a t o t a l  . 

o f  24 hours a t  a c u r r e n t  densi ty  o f  50 m.a./cm2 a t  1.5 v o l t s  and a t  

7OoC. 

b e  a s l i g h t  d i s c o l o r a t i o n  o f  the s u r f a c e .  There w a s  no evidence of 

s u r f a c e  p e n e t r a t i o n .  

A s  i n  the above t e s t ,  the  on ly  change i n  the p a r t  was fnund t o  

A t h i r d  t e s t  was designed t o  test the s t a b i l i t y  of 

t h e  unplated m e t a l s ,  magnesium and aluminum, i n  a h igh  p r e s s u r e  

oxygen environment a t  e l eva ted  t e m p  r a  tures.  

( t y p e  AZ231) and aluminum (type 6061) were placed i n  a c o n t a i n e r ,  

p re s su r i zed  t o  100 p s i g  w i t h  oxygen and held a t  100°C f o r  5 days.  

‘The i n i t i a l  and f i n a l  weights of t he  magnesium were the s a m e .  The 

Samples of magnesium 

i n i t i a l  and f i n a l  weights  o f  the aluminum were 0.9641 and 0.9642 gms. 

r e s p e c t i v e l y .  

I n  o r d e r  t o  complete the materials e v a l u a t i o n ,  a 

f o u r t h  and f i n a l  t es t  was ca r r i ed  o u t  on a sample of b u t y l  rubber ,  t h e  

m a t e r i a l  of c o n s t r u c t i o n  f o r  t h e  p r e s s u r e  balance diaphragm. The 

o b j e c t i v e  of t h i s  t e s t  was t o  determine the  s t a b i l i t y  of t h i s  m a t e r i a l  
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i n  a h igh  pressure  oxygen environment a t  e l e v a t e d  temperatures .  The 

c o n d i t i o n s  f o r  the  tes t  were the same a s  f o r  t he  magnesium and aluminum 

samples,  i . e . ,  100 p s i g  O2 a t  100°c f o r  5 days .  

weights  o f  the sample were 0.4729 gms. and 0.4859 gms. r e s p e c t i v e l y .  

There was no apparent  change i n  s u r f a c e  p r o p e r t i e s  o r  e l a s t i c i t y .  

I t  i s  n o t  known what caused t h i s  weight  change, b u t  i t  i s  no t  be l ieved  

t o  be c r i t i c a l .  

by ox ida t ion  of  the  sample. 

The i n i t i a l  and f i n a l  

I t  may be surmised that t h e  weight  change was caused 

4 .  FUTURE PLANS 

Work during the  f i n a l  q u a r t e r  of  t h i s  program w i l l  be concent ra ted  

on t e s t i n g  the 7 5  w a t t  model t o  determine i t s  c h a r a c t e r i s t i c s  a s  a 

func t ion  of  va r ious  ope ra t ing  and environmental  parameters .  I t  i s  

a n t i c i p a t e d  t h a t  f i n a l  assembly and i n i t i a l  t e s t i n g  w i l l  be s t a r t e d  

p r i o r  t o  the  next  monthly r e p o r t i n g  pe r iod .  
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5.  FINANCIAL STATEMENT 

Expenditures for the  second quarter  were a s  follows: 

411O-QL-2 

Direct Labor Hours 1 , 2 3 3 . 5  

Direct Labor Dollars 3 5 , 6 8 8 . 9 0  

T o t a l  Expenditures $18 ,9  55 .52  
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